The DNA-dependent protein kinase (DNA-PK) is required for DNA double-strand break (DSB) repair and immunoglobulin gene rearrangement and may play a role in the regulation of transcription. The DNA-PK holoenzyme is composed of three polypeptide subunits: the DNA binding Ku70͞86 heterodimer and an Ϸ460-kDa catalytic subunit (DNA-PKcs). DNA-PK has been hypothesized to assemble at DNA DSBs and play structural as well as signal transduction roles in DSB repair. Recent advances in atomic force microscopy (AFM) have resulted in a technology capable of producing high resolution images of native protein and proteinnucleic acid complexes without staining or metal coating. The AFM provides a rapid and direct means of probing the protein-nucleic acid interactions responsible for DNA repair and genetic regulation. Here we have employed AFM as well as electron microscopy to visualize Ku and DNA-PK in association with DNA. A significant number of DNA molecules formed loops in the presence of Ku. DNA looping appeared to be sequence-independent and unaffected by the presence of DNA-PKcs. Gel filtration of Ku in the absence and the presence of DNA indicates that Ku does not form nonspecific aggregates. We conclude that, when bound to DNA, Ku is capable of self-association. These findings suggest that Ku binding at DNA DSBs will result in Ku self-association and a physical tethering of the broken DNA strands.
The repair of DNA double-strand breaks (DSBs) is required for cellular survival after exposure to ionizing radiation as well as the normal rearrangement of immunoglobulin and T cell receptor genes in lymphocytes (1) (2) (3) . Therefore, DSB repair is critical to normal development of the immune system and the maintenance of genomic integrity. Left unrepaired DSBs can prove lethal or mutagenic. Differences in DSB repair between yeast and higher eukaryotic species were initially uncovered during early gene targeting experiments in mammalian cells. In yeast, DSB repair occurs largely by homologous recombination (4) (5) (6) (7) . Although capable of homologous recombination, higher eukaryotic species repair DSBs primarily by a process of nonhomologous or illegitimate recombination (8) (9) (10) (11) (12) (13) .
Illegitimate recombination joins DNA strands that share little or no sequence homology via an end-to-end joining mechanism (14) (15) (16) (17) . This process is capable of preserving the sequences of a variety of end structures (15, 17) . One model proposed to explain these findings includes an end alignment protein that acts at the break site to allow fill-in synthesis by a polymerase at problematic break sites such as 3Ј overhangs (17) . This model may also address the problem of holding or tethering broken ends in place to help ensure their physical proximity for correct repair. However, simple tethering and the presumably more demanding alignment of broken ends that would allow fill-in synthesis need not be provided by the same protein. An early step in DSB repair may be a tethering of broken DNA strands while other repair factors are recruited to the break site. In this case, the actual ''alignment'' of ends postulated by Thode et al. (17) could be provided by other members of the repair apparatus or by the organization of DNA in nucleosomes and chromatin. In theory, the tethering of broken DNA strands could also be accomplished by the self-association of DNA end-binding proteins.
Although little is known about the mechanism of DSB repair, genetic studies have revealed that the DNA-dependent protein kinase (DNA-PK) is required for the process in mammalian cells (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . The biological role of DNA-PK in DSB repair remains to be determined, but a number of characteristics have led to the hypothesis that the serine͞ threonine kinase plays a structural as well as a signal transduction role. Proposed structural roles include tethering DNA ends and providing a scaffolding for the assembly of a repair complex (2, 3, 29) .
The DNA-PK holoenzyme is formed by association of the Ϸ460-kDa catalytic subunit (DNA-PKcs) with a DNA binding component known as Ku (30) (31) (32) (33) (34) . Ku is a heterodimer of 70-kDa and 86-kDa subunits that is capable of both sequenceindependent and sequence-specific DNA binding. While sequence-specific binding may be involved in transcriptional regulation (35) (36) (37) (38) (39) (40) (41) (42) (43) , sequence-independent binding is consistent with a role in DSB repair. Ku requires free DNA ends, hairpin loops, single-strand nicks, or gaps for sequenceindependent DNA binding (44) (45) (46) . The requirement for Ku and DNA-PK in the DSB repair pathway taken together with the affinity of Ku for free DNA ends suggest these proteins as candidate end-tethering factors (2, 3, 29) .
A role for Ku or DNA-PK in DNA end-tethering predicts either self-association of the DNA-bound proteins or a capacity for the complex to bind two DNA ends simultaneously. To directly examine the behavior of Ku and DNA-PK in association with linear DNA we have used a combination of electron and atomic force microscopy (AFM). AFM allows the visualization of unstained and uncoated protein-nucleic acid complexes at high resolution. With the ability to image specimens in air, aqueous buffers, or organic solvents, AFM is uniquely suited for biological studies and provides a means by which the macromolecular interactions responsible for genetic and cellular regulation can be characterized under native conditions. The studies of Ku and DNA-PK presented here indicate that DNA-bound Ku mediates the formation of DNA loops. Addition of DNA-PKcs to Ku-bound DNA forms a large DNAbound complex both at DNA ends and internal positions. The looping behavior observed for Ku is unaffected by the presence of DNA-PKcs.
MATERIALS AND METHODS
Purification of Ku and DNA-PKcs from HeLa cells. Ku70͞86 was purified from HeLa cell nuclear extracts using an anti-Ku80 antibody affinity column. Antibodies specific for Ku86 (47) were conjugated to protein G agarose beads using dimethylpimelimidate HCl to achieve a final concentration of 1 mg antibody͞ml. HeLa cell nuclear extract (50 ml) (48) containing 500 mg of protein was incubated with 2 ml of the anti-Ku80 matrix for 4 hr at 4ЊC in the presence of 100 g͞ml sheared salmon sperm DNA. The resin was then packed into a 5-ml disposal column (Bio-Rad) and washed sequentially with 5 column volumes of Hepes chromatography buffer (50 mM Hepes, pH 7.5͞2 mM EDTA͞0.01% Nonidet P-40͞1 mM DTT͞20 g/ml phenylmethylsulfonyl fluoride͞1 g/ml aprotinin͞pepstatin A͞leupeptin) containing 0.1 M, 0.2 M, and 0.5 M KCl. Ku70͞86 was eluted from the washed column matrix using 5 column volumes of 50 mM Tris⅐HCl, pH 7.9͞50% ethylene glycol͞1.75 M MgCl 2 . Ku70͞86 was further purified by heparin agarose chromatography. Ku70͞86 was loaded on a 1-ml Hi-Trap heparin agarose column (Pharmacia) in Hepes chromatography buffer containing 0.1 M KCl. Proteins were eluted from the column sequentially by addition of Hepes chromatography buffer containing 0.1, 0.2, 0.3, 0.5, and 1.0 M KCl. Ku70͞86 eluted from the heparin agarose column in the 0.3 M KCl fraction. The fraction was dialyzed in TM buffer containing 0.1 M KCl and frozen in aliquots at Ϫ70ЊC. The protein concentration of the affinity purified Ku70͞86 was determined by Bradford analysis using bovine serum albumin as a standard. Recombinant Ku70͞86 was purified from Sf9 cell extracts using SP-Sepharose, Q-Sepharose, heparin agarose, and DNA-affinity chromatography as described (J.W., unpublished data).
DNA-PKcs was purified from HeLa cell nuclear extract by sequential ion-exchange chromatography using phosphocellulose P-11, DEAE-Sepharose, and heparin agarose columns and a Superdex-200 gel filtration column as described (48) . Superdex-200 fractions containing DNA-PKcs were then incubated for 1 hr at 4ЊC with 1 ml anti-Ku80 affinity resin that was preabsorbed with 1 mg of Ku70͞86 in Hepes chromatography buffer containing 0.1 M KCl and 100 g͞ml sheared salmon sperm DNA. DNA-PKcs was eluted from the Ku80 affinity matrix in 5 ml of Hepes chromatography buffer containing 0.5 M KCl. The ionic strength of the eluted DNA-PKcs solution was then adjusted to 0.1 M KCl and applied to a 1-ml Hi-Trap Q-Sepharose column (Pharmacia). DNA-PKcs was eluted from the column in Hepes chromatography buffer containing 0.3 M KCl. Prior to use the DNA-PKcs was dialyzed in TM buffer containing 0.1 M KCl. The concentration of the affinity-purified DNA-PKcs was determined by Bradford analysis using bovine serum albumin as a standard.
Preparation of DNA Substrates. pUC19 was purchased from New England Biolabs. Digestion with SmaI to generate a linearized 2.6-kb DNA fragment was performed under standard conditions. Digested DNA was purified by phenol͞ chloroform extraction followed by gel band isolation using the QIAEX II gel purification kit (Qiagen, Chatsworth, CA). The 660-bp DNA fragment used for statistical analysis was generated by PCR using primers complimentary to the region of the Ku86 cDNA encoding amino acids 1-220 (49) . This coding sequence was selected for two reasons: (i) the length of the fragment was such that spontaneous loop formation would be low, and (ii) the sequence does not contain any known protein binding motifs. The PCR product was purified by phenol͞ chloroform extraction and gel band isolation.
Electron and Atomic Force Microscopy. All reactions were performed in 50 mM Hepes, pH 7.5͞100 mM KCl͞10 mM MgCl 2 ͞1 mM DTT͞0.1 mM EDTA (Hepes buffer). DNA-Ku complexes for electron microscopy were formed by incubation of 5 g͞ml SmaI-linearized pUC19 and 5 g͞ml Ku in a volume of 100 l for 20 min at 37ЊC. DNA-PK complexes were formed by the further addition of 12 g͞ml DNA-PKcs. After chemical fixation with 0.6% glutaraldehyde, reaction mixtures were chromatographed on a 2-ml bed volume of Bio-Gel A-15m (Bio-Rad). Column fractions were mounted by the spermidine mounting technique, dehydrated in a graded series of ethanol solutions, and rotary shadow cast with tungsten (50, 51) . Samples were imaged and photographed on a Philips CM30 at an accelerating voltage of 50 kV.
For atomic force microscopy, samples were prepared from 10-l reactions containing 0.4 g͞ml pUC19 DNA or 0.1 g͞ml 660-bp DNA in Hepes buffer equivalent to approximately 0.25 nM DNA. Ku was used at a final concentration of 1 g͞ml (Ϸ6.5 nM), whereas DNA-PKcs was used at final concentration of 2 g͞ml (Ϸ4 nM). Reactions were mounted by adsorption to freshly cleaved mica in the presence of 10 mM MgCl 2 . Mounted specimens were fixed using 0.6% glutaraldehyde unless otherwise indicated. Prior to imaging, samples were dehydrated in a graded series of ethanol solutions. Atomic force microscopy was performed using tapping mode in air on a NanoScope III (Digital Instruments, Santa Barbara, CA).
Statistical Analysis. For statistical analysis all samples contained 0.1 g͞ml 660-bp linear DNA. When present Ku was used at a concentration of 1 g͞ml, DNA-PKcs at 2 g͞ml, and ATP at a final concentration of 6 mM. After incubation for 30 min at 30ЊC, reactions were mounted unfixed on freshly cleaved mica. Molecules were imaged and scored as linear, looped, or multi-DNA complexes using 2-m AFM scans of random areas. using SPSS/MAC (SPSS, Chicago) on a Power Macintosh 9500͞ 132 (Apple, Cupertino, CA).
Gel Filtration Chromatography. For gel filtration analysis of recombinant Ku, 600 pmol of Ku70͞86 in a final volume of 750 l was applied to a HiLoad Superdex 200 16͞60 (Pharmacia) gel filtration column at a flow rate of 1 ml͞min. One-milliliter fractions were collected at the same flow rate and the absorbance of eluted fractions measured at 280 nm. Gel filtration analysis of Ku͞DNA complexes was performed identically with the exception that 600 pmol of recombinant Ku70͞86 was incubated with 600 pmol of a 24-bp double-stranded DNA fragment of the sequence 5Ј-GAGCTCGGTACCCGGGAT-CCTCTA-3Ј in a final volume of 750 l at 25ЊC for 20 min prior to loading on the Superdex 200 column. High molecular weight gel filtration standards (Pharmacia) were chromatographed under identical conditions to calibrate the column. For silverstain analysis of the column profile, 10 l of each sample was resolved by 10% SDS͞PAGE and silver-stained as described previously (52) .
Electrophoretic Mobility Shift Assay (EMSA). The same DNA fragment used in the gel filtration experiment was radiolabeled using 32 P[␥-ATP] and T4 polynucleotide kinase. For EMSAs 10 pmol of the labeled DNA was incubated with various amounts of Ku, as indicated in the appropriate figure legend, for 20 min at 25ЊC in a final volume of 20 l. Reaction products were analyzed by PAGE using 0.5ϫ TAE (20 mM Tris acetate͞500 M EDTA) running buffer.
RESULTS
Visualization of Ku and DNA-PK Bound to Linear DNA. Human Ku heterodimer was purified from HeLa cells and baculovirus-transformed insect cells (Fig. 1) . The recombinant Ku was purified to Ͼ95% purity. Ku-DNA complexes for atomic force microscopy were formed by incubating 1 g͞ml DNA-PKcs was purified from HeLa cells and examined by atomic force and electron microscopy. In the absence of added Ku, association between DNA and DNA-PKcs was relatively rare (19%, n ϭ 177; Fig. 2A) . Binding of DNA-PKcs to DNA in the absence of Ku may reflect a weak interaction of the catalytic subunit with DNA; however, the presence of small amounts of contaminating Ku may also be a factor. The addition of recombinant Ku to reactions containing DNA and DNA-PKcs resulted in a marked increase in the number of DNA fragments associated with the large DNA-PK subunit (77%, n ϭ 71; Fig. 2B ). Although not all DNA-bound Ku were associated with DNA-PKcs, the DNA-PK was not localized exclusively to the DNA ends. Internally bound as well as end-bound DNA-PK could easily be identified (Fig. 2 C-E) . Free DNA-PKcs and Ku particles present on the mica surface served as internal size standards, allowing Ku and DNA-PK to be distinguished. The identification of DNA-PK at internal positions indicates that either the DNA-PK complex is capable of translocation or that the DNA-PKcs is capable of association with internally bound Ku. These alternatives are not mutually exclusive, and a combination of both behaviors may be responsible for the observed distribution of DNA-PK.
Loops Are Associated with Ku DNA Binding. Ku particles exhibited a tendency to cluster along the DNA (e.g., Fig. 3 ). It was not clear whether this effect was due to translocation effects or self-association. Qualitative examination of a large number of molecules from reactions containing Ku and DNA suggested the protein may promote DNA loop formation (Fig.  3 A-D) . To determine whether there was a statistically signif- icant looping of DNA mediated by Ku or DNA-PK, we scored micrographs of a 660-bp DNA fragment, incubated in the absence or presence of Ku (Fig. 3 E-I ) or Ku and DNA-PKcs (Fig. 3 J-M) . We used a short DNA fragment instead of pUC19 DNA to reduce the number of spontaneous loops formed by folding during the mounting procedure. Recombinant Ku was judged to be of higher purity than material purified from HeLa cells and was therefore used for all statistical analyses. Spontaneous looping was rare (2%) in reactions containing the 660-bp DNA alone (Table 1) . At the DNA concentration used here, the density of DNA on the mica surface was such that few DNA molecules were seen touching. The addition of 1 g͞ml Ku resulted in 17% looped DNA fragments and 5.5% multi-DNA complexes; a 2 test indicates these results are significantly different from DNA-only controls (P Ͻ 0.001).
To examine the effect of DNA-PKcs on DNA looping mediated by Ku, micrographs of the 660-bp linear DNA in the presence of Ku and the DNA-PKcs were scored for the presence of looped or multi-DNA structures. Loops in the presence of DNA-PKcs were formed with a similar frequency to those formed in the presence of Ku, indicating the presence of the DNA-PK complex neither inhibited nor stimulated the formation of DNA loops.
DNA-PK autophosphorylation leads to inactivation of DNA-PK and dissociation of DNA-PKcs from Ku (54). Ku is also known to be a substrate of DNA-PK in vitro (55) . It was therefore of interest to determine whether the presence of ATP and DNA-PKcs effected the formation of DNA loops. The same DNA, Ku, and DNA-PKcs concentrations as for the Ku and Ku ϩ DNA-PKcs experiments described above were used for reactions carried out in the presence of 6 mM ATP. These reactions were performed and mounted in parallel with the control, Ku, and DNA-PK reactions described above. A decrease in the number of DNA-PK͞DNA complexes was evident in reactions containing ATP, consistent with DNA-PK autophosphorylation resulting in dissociation of DNA-PKcs from Ku; nonetheless, DNA-PK-associated DNA was still observed. Similar to reactions containing Ku or DNA-PK, the ATP-containing reaction was significantly different from DNA alone (P Ͻ 0.001). Although the DNA-PK ϩ ATP reaction was not significantly different from Ku or DNA-PK reactions by a 2 test (P Ͻ 0.13), loop formation was less frequent (11%).
Gel Filtration of Free and DNA-Bound Ku. Ku-mediated DNA loops could result from a nonspecific aggregation of Ku. This possibility seemed unlikely given that free Ku particles observed on mica under the AFM were of a uniform size and did not demonstrate a tendency to aggregate. Nonetheless, it is possible that DNA-bound Ku may aggregate. To address this issue, Superdex-200 gel filtration chromatography was used to examine the behavior of Ku in the presence and absence of the 24-bp oligonucleotide. Under the conditions used for gel filtration, the oligonucleotide was shown by an EMSA to bind only a single Ku (Fig. 4A) . Peak Ku70͞86 eluted from the column in the absence of DNA between fractions 65 and 69 (Fig. 4B) . In the presence of the 24-bp DNA fragment, peak Ku70͞86 eluted in fractions 59-63. The apparent molecular mass of Ku in the absence of DNA was determined to be 158 kDa. However, in the presence of the 24-bp DNA fragment Ku eluted as a 325-kDa species based on the elution characteristics relative to aldolase (158 kDa), catalase (232 kDa), ferritin (440 kDa), and thyroglobulin (669 kDa). Larger species, which would be predicted if DNA-bound Ku formed nonspecific aggregates, were not observed. The elution profile of the oligonucleotide alone was consistent with a small molecule outside the resolving range of the Superdex-200 column (data not shown).
DISCUSSION
The AFM provides a powerful tool for addressing aspects of protein-nucleic acid interactions difficult to study by traditional biochemical methods. In particular, application of AFM to problems in DNA repair and gene regulation promises to unlock aspects of these processes that are not easily addressed For statistical analysis, reactions were mounted unfixed and examined by AFM. The images were scored for the presence of linear, looped, or multiple DNA complexes. Reactions contained a 660-bp linear DNA fragment either alone (DNA), or in the presence of recombinant Ku (ϩKu), recombinant Ku and DNA-PKcs (ϩDNA-PK), or recombinant Ku and DNA-PKcs plus ATP (DNA-PK ϩ ATP). The percentage of reaction totals are followed by the number of molecules observed in parentheses.
by more conventional approaches. Here we have applied AFM to determine whether a statistically significant fraction of Kuor DNA-PK-bound DNAs display loop formation, a state indicative of protein-protein interaction by the DNA-bound proteins. DNA loops were formed in the presence of Ku at a frequency of Ϸ10-15%, a relatively high percentage for in vitro DNA looping (e.g., compare with refs. [56] [57] [58] . No obvious sequence specificity for the looping effect was detected; loops formed in an apparently random distribution along the length of pUC19 DNA as well as a short, unrelated sequence. Addition of DNA-PKcs to Ku-DNA binding reactions did not affect the frequency of loop formation. Based on the size of particles observed at loop junctions, Ku-mediated loops resulted from the association of two or more heterodimers.
DNA-bound Ku not participating in loop formation was often found as a group of two or more Ku particles (Fig. 3) , suggesting that self-association takes place in the presence of DNA. However, we found no evidence that Ku forms nonspecific aggregates.
Gel filtration of Ku in the absence of DNA indicates the Ku particle fractionates in a manner consistent with a 158-kDa particle ( Fig. 4B; ref. 59 ). In the presence of an oligonucleotide, shown to bind only a single Ku by EMSA (Fig. 4A) , the elution profile changes dramatically. Under these conditions, the majority of Ku elutes in a fraction corresponding to a molecular mass of approximately 325 kDa. Considering the elution profile of the oligonucleotide, this increase in size does not appear to result simply from association of Ku with the 24-bp DNA. The effect could be explained by a conformational change in Ku upon binding to DNA; however, the fact that the size corresponds closely with the predicted molecular mass of two Ku heterodimers suggests that the species may represent Ku tetramers. The formation of Ku tetramers in the presence of DNA was previously suggested to explain the behavior of Ku when bound to the CTC box of the collagen IV promoter (60) . The formation of tetrameric species in the presence of DNA is consistent with the looping behavior observed by microscopic analysis. Gel filtration was performed at Ku and DNA concentrations approximately two orders of magnitude higher than those used for microscopy. If the looping phenomenon was a result of nonspecific aggregation we would expect aggregates to be detected during gel filtration.
Previous reports have found Ku capable of binding to linear DNA ends and translocating to internal positions with little or no sequence specificity (53) . Ku is capable of binding to hairpin structures, single-stranded nicks, and gaps in an apparently sequence-independent manner (44) (45) (46) 61) . A number of studies have also suggested that the Ku protein is capable of sequence-specific DNA binding (36) (37) (38) (39) (40) 60) . Therefore, there appear to be two distinct modes of Ku-DNA interaction: a sequence-independent and a sequence-dependent mode. Transcriptional regulation by DNA-PK is consistent with sequence-specific interaction with regulatory elements. DNA damage recognition, however, is more likely to require the sequence-independent end-loading behavior of Ku.
Sequence-independent DNA looping by Ku is consistent with a dual role for Ku in transcription and DSB repair. DNA looping is a well established phenomenon that may play a role in the regulation of transcription, DNA replication, and recombination (62, 63) . A common example is loop formation by the self-association of transcription factors bound at two distant sites (56) (57) (58) . The looping mediated by Ku, however, does not appear to be localized to specific binding sites because the two unrelated DNA sequences examined here both display Ku-associated loops. In vivo it is likely that, in the absence of DSBs or nicks, Ku must associate with chromatin via sequencespecific binding. In this case, Ku-mediated looping would take on sequence-specific characteristics and may place activated DNA-PK at sites where DNA bound substrates can be phosphorylated. In vivo, chromosomes provide a far more complex substrate for Ku and DNA-PK association than the naked DNA fragments used in our microscopic study. The ability of Ku to translocate from DNA ends to internal positions could be inhibited in vivo, either partially or completely, by the presence of other DNA-associated complexes. Thus, in vivo, DSB-bound Ku may be restricted to DNA ends. If so, the self-association resulting in loop formation in vitro could result in end-tethering in vivo. Under the conditions employed in this study we observed intermolecular association mediated by Ku at a much lower frequency than intramolecular interactions, consistent with the relatively low DNA concentrations used favoring intramolecular associations (62) . The high local concentration of DNA ends present at DSBs in situ would presumably favor intermolecular Ku association. If this is the case, Ku may provide an initial tethering of DNA ends after the formation of DSBs. Subsequently, other protein factors may associate with the Ku͞DNA-PK complex to provide further end alignment and repair functions. 
